This article describes a fabrication procedure of high performance flexible ferroelectric materials supported on plastic substrates and the characterization of BaTiO 3 thin films on flexible substrates. Ferroelectric BaTiO 3 thin film was deposited using radiofrequency magnetron sputtering on a Pt/Ti/SiO 2 /͑100͒ Si substrate and annealed at 700°C for crystallization. The metal-insulator ͑BaTiO 3 ͒-metal structure was successfully transferred onto flexible substrates by the standard microfabrication and soft lithographic printing methods after removing the underlying sacrificial TiO 2 layer by buffered oxide etchant etching. The dielectric constant of the BaTiO 3 thin films on the flexible substrate was comparable with that on a bulk Si substrate. No significant change in dielectric constant was observed upon bending with various radii and debending. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3407622͔ All rights reserved. 5-8 Among these ferroelectric materials, BaTiO 3 thin films have drawn considerable attention not only due to their excellent ferroelectric characteristics but also to their lead-free bio-eco-compatible material properties. Recently, research on printable, flexible, and stretchable technology has been quickly progressing, 9-12 in particular, on flexible ferroelectric devices using perovskite structures directly deposited on plastic substrates by, for example, aerosol deposition 13 and the hydrothermal method.
Ferroelectric thin film materials, for example, ZnO, 1,2 polymers ͓poly͑vinylidene fluoride͒ and polypropene͔, 3, 4 and perovskite-type oxides ͑e.g., BaTiO 3 , PbZr x Ti 1−x O 3 , SrBi 2 Ta 2 O 9 , Ba 0.5 Sr 0.5 TiO 3 , and BiFeO 3 ͒ are being studied with great interest for various applications, such as thin-film capacitors, piezoelectric microactuators, tunable microwave devices, nonvolatile ferroelectric random access memories, and ferroelectric field effect transistors. [5] [6] [7] [8] Among these ferroelectric materials, BaTiO 3 thin films have drawn considerable attention not only due to their excellent ferroelectric characteristics but also to their lead-free bio-eco-compatible material properties. Recently, research on printable, flexible, and stretchable technology has been quickly progressing, [9] [10] [11] [12] in particular, on flexible ferroelectric devices using perovskite structures directly deposited on plastic substrates by, for example, aerosol deposition 13 and the hydrothermal method.
14 However, the low temperature ferroelectric thin films, even on bulk substrates, exhibit low dielectric constants with poor remnant polarization 15 and high loss factor, 16 making them unsuitable for high performance flexible applications. The laser annealing method of sol-gel coated BaTiO 3 film on flexible substrates is also being investigated. 17 However, laser technology is reported to cause a weight loss and to degrade ferroelectric properties due to the easy ablation, thin absorption depth, and high phase formation energy of the ceramic films. 18, 19 These problems may be solved if we can prepare thin films on bulk substrates followed by high temperature thermal annealing and then transfer the films onto flexible substrates.
Microstructured semiconductor ͑s-Sc͒ technology was incorporated with a high temperature process developed by the University of Illinois at Urbana-Champaign research group in 2004 [20] [21] [22] [23] for fabricating high performance flexible devices. The developed s-Sc technology enables us to transfer single crystal semiconductor materials onto flexible substrates by carving out from the bulk wafer utilizing the standard microfabrication and soft lithographic printing technique. The advantage of this technique is that high temperature processes such as doping or ohmic contact on silicon wafers can be employed before transferring the device onto plastic substrates.
We describe herein a technique suitable for generating and printing a biocompatible microstructured BaTiO 3 thin film on plastic substrates. A BaTiO 3 thin film deposited on a Pt/Ti/SiO 2 /͑100͒ Si substrate by radio-frequency ͑rf͒ sputtering was annealed at 700°C for crystallization and then transferred onto a flexible substrate using polydimethylsiloxane ͑PDMS͒ stamps to overcome the limitation appearing in the preparation of the conventional technique. The dielectric properties of BaTiO 3 on bulk wafers and flexible substrates were characterized, and a bending experiment was performed to test the mechanical stability on the plastic substrate. Figure 1a shows the schematics of the fabrication steps, which consists of the following steps: ͑i͒ deposition of a BaTiO 3 thin film on a Pt/Ti/SiO 2 /Si͑100͒ substrate. The Si wafers ͑500 m͒ were oxidized with a SiO 2 ͑150 nm͒ layer. Pt ͑120 nm͒ and Ti ͑20 nm͒ layers of the bottom electrode were obtained by an E-beam evaporator. A 320 nm BaTiO 3 thin film was deposited on a Pt/Ti/SiO 2 /Si substrate by rf magnetron sputtering at room temperature in an Ar atmosphere. Annealing at three different temperatures, 600, 700, and 800°C was carried out for the crystallization of the ferroelectric material. During the annealing process, Ti is oxidized to form a TiO 2 layer between the Pt and SiO 2 layers. ͑ii͒ Inductive coupled plasmareactive ion etcher ͑ICP-RIE͒ etching of the metal-insulator-metal ͑MIM͒ structure. The Au/BaTiO 3 /Pt layers of the MIM structure were etched by chlorine gas based ICP-RIE etching using Al and plasma-enhanced chemical vapor deposited SiO 2 mask ͑300 ϫ 100 m͒. The sacrificial TiO 2 layer formed at the interface between the Pt and SiO 2 layers was removed using a buffered oxide etchant ͑BOE͒ for 20 s. ͑iii͒ Transfer of MIM structure onto plastic substrate. The PDMS stamp, inked with MIM capacitors, was placed on a polyurethane ͑PU͒-coated plastic substrate ͑Kapton film, 125 m thick͒ and PU was cured by UV light. 21 ͑iv͒ After peeling off the PDMS, the MIM capacitors were well settled on the plastic substrate. The final step of fabrication involved etching a portion of the Au/Cr/BaTiO 3 layers ͑see supplementary material for fabrication details of flexible BaTiO 3 capacitors, Fig. S1 24 ͒. The phases present in the thin films were characterized by X-ray diffractometer ͑XRD, Rigaku, D/MAX-IIIC, Tokyo, Japan͒ using Cu K␣ radiation ͑ = 0.15406 nm at 30 kV and 60 mA͒. Raman analysis ͑LabRAM HR UV/visible/near-IR, Horiba Jobin Yvon, France͒ was performed to provide a more comprehensive phase characterization of both bulk and flexible BaTiO 3 thin films using a 514.5 nm Ar + laser line as the excitation source. A scanning electron microscope ͑SEM, S-4800, Hitachi, Japan͒ was employed to observe the top and cross-sectional surfaces of the film. The dielectric properties of the BaTiO 3 capacitors were measured by an Agilent ͑Hewlett-Packard͒ 4284A Precision LCR meter under 5 mV at 1 kHz.
Experimental

Results and Discussion
Figure 1b and c shows cross-sectional SEM images of the MIM structure ͑Au/BaTiO 3 /Pt͒ on a SiO 2 /Si substrate, which were taken before and after BOE etching, respectively. The SEM image in the inset of Fig. 1b shows a dense and smooth surface of a typical BaTiO 3 thin film on a Si substrate with no cracks or large pores. As shown in Fig. 1c , the Pt and SiO 2 layers were separated as a result of etching out of the TiO 2 sacrificial layer by BOE etching. The SiO 2 layer was not etched during the short period BOE etching ͑20 s͒, whereas the TiO 2 layer was completely etched out. The fast interface etching of the TiO 2 layer appears to delaminate the Pt and SiO 2 layers. An apparent advantage of utilizing a TiO 2 sacrificial layer is that the Si wafer can be reused for cost efficiency without chemical mechanical polishing, unlike in previous investigations. 22, 25 The indium tin oxide ͑ITO͒-based BaTiO 3 capacitors ͑indicated by a red dotted box͒ transferred onto the PDMS were transparent, as shown in Fig. 1d , and a magnified view is in the inset. Figure 1e is a photograph of a plastic substrate with MIM capacitors ͑correspond-ing to Fig. 1a -iv͒ wrapped around an aluminum rod 9 mm in diameter, and an optical image of printed MIM structures on a PU-coated plastic substrate was magnified in the bottom inset. The upper inset shows the MIM structures on the PDMS stamp ͑corresponding to Fig. 1a -iii͒ before the capacitors were transferred on the plastic substrate. Figure 2a shows the XRD patterns of the BaTiO 3 thin films on the Pt/Ti/SiO 2 /Si substrate annealed at 600, 700, and 800°C in air.
The BaTiO 3 thin film on a silicon substrate annealed at 600°C is mostly amorphous, whereas the samples annealed at 700 and 800°C are well crystallized. The inset shows the X-ray diffraction rocking curve of the ͑111͒ and ͑200͒ peaks of the BaTiO 3 thin film annealed at 700°C for 1 h. The full width at half-maximum of the ͑111͒ and ͑200͒ peaks are about 0.35 and 0.40, respectively, indicating a good crystallinity of the film. 26 Figure 2b shows the Raman spectra of the BaTiO 3 thin films on a Si substrate ͑black, blue, and green lines͒ after annealing at different temperatures and that of the BaTiO 3 thin film transferred on a plastic substrate after annealing at 700°C for 1 h ͑red line͒. ͓Before Raman characterization of the BaTiO 3 thin film on the plastic substrate, the top electrodes ͑Au/Cr͒ on the BaTiO 3 thin film were removed.͔ The spectra of about 305 and 720 cm −1 were attributed to the A 1 and E ͑longitudinal optical͒ modes, specific to a tetragonal phase of BaTiO 3 . 5 The XRD and Raman shift results indicate that the BaTiO 3 thin films on both bulk and flexible substrates have good crystallinity with a ferroelectric tetragonal phase; 5, 26 however, the degree of BaTiO 3 crystallinity was changed after the BOE ͑containing HF͒ etching.
The dielectric properties of the films on Si and plastic substrates were measured. Without annealing, the dielectric constant was low ͑ r Ͻ 20͒, possibly because of the lack of tetragonal phase formation. Figure 3a shows the room-temperature dielectric constant ͑solid lines͒ and loss tangent ͑dotted lines͒ of high temperature ͑700°C͒ annealed BaTiO 3 thin films on Si ͑black line͒ and plastic substrates ͑red line͒ as a function of frequency between 1 kHz and 1 MHz under 5 mV. The dielectric constant and loss tangent of a BaTiO 3 thin film on a Si substrate are 185 and 0.03, respectively, at a frequency of 1 kHz and slowly decrease with increasing frequency. These values and behavior are similar to those reported for MIM structured-BaTiO 3 thin films ͑ r = 115-318͒. 5, 7, 8, 27 The dielectric constant of a BaTiO 3 thin film on a plastic substrate ͑an optical image of the actual device in the inset of Fig. 3a͒ is 137 at 1 kHz, which is ϳ25% less than that on a Si substrate. This degradation is probably due to the removal of the glassy phases of BaTiO 3 during short BOE wet etching. Another possibility is the release of in-plane stresses during the detachment of the MIM structure from the Si substrate, as Shin et al. suggested. 28 A mechanical bending test of the BaTiO 3 capacitors on plastic substrate was conducted using a bending stage, as shown in the inset of Fig. 3b. Figure 3b plots the dielectric constant curves with frequency at various bending radii ͑measured on the bending stage͒ and strains ͑calculated from the bending radius and the substrate thickness 21 ͒. For the change in the bending radius ͑R͒ from 1.93 to 0.84 cm ͑corresponding from 0.32 to 0.74% of the surface strain͒, the dielectric constant does not appear to vary significantly upon bending. The dielectric constant of the device at a released state after a maximum bending exhibits essentially the same value as that without bending. These results demonstrate that our BaTiO 3 thin film is mechanically stable on a plastic substrate and has reasonable dielectric properties, although there is a need for improving the loss property.
Conclusion
We have developed a fabrication technique for ferroelectric, in particular, BaTiO 3 capacitor films on plastic substrates using microfabrication and soft lithography methods. To transfer the BaTiO 3 capacitor onto a plastic substrate, a metal oxide ͑TiO 2 ͒ sacrificial layer was introduced between the Si substrate and the MIM structure. The MIM structures on flexible substrates had dielectric constants comparable to that of BaTiO 3 thin film on a Si substrate and high mechanical stability upon harsh bending. The integration of flexible microstructured-ferroelectric materials utilizing the present technique may also provide innovative opportunities for designing flexible oxide based-piezoelectric materials for sensing devices 10 or energy harvesting systems. 
